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ABSTRACT
Small angle neutron scattering (SANS) is used to measure the density of water contained in 1-D
cylindrical pores of a mesoporous silica material MCM-41-S. By being able to suppress the
homogenous nucleation process inside the narrow pore, one can keep water in the liquid state down to
at least 160 K. We observe a density minimum at 210±5 K. This is the first experimental evidence of
the existence of the density minimum in supercooled water. We show that the results are consistent
with the predictions of molecular dynamics simulations of supercooled bulk water. From a combined
analysis of SANS data from both H20 and D20 hydrated samples, we determined the absolute value
of the density of water in the 1-D confined geometry. We found that the average density of water
inside the fully hydrated MCM-41-S is higher than that of the bulk water. Pore size and hydration
level dependences of the density are also studied. The temperature derivative of the density shows a
pronounced peak signaling the crossing of the Widom line and confirming the existence of a
liquid-liquid critical point at an elevated pressure.
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Chapter 1
Introduction
The universe consists of matter. Matter has different states (or phases), solid, liquid, gas,
plasma...... according to the environmental parameters, or "applied fields", such as the applied
pressure, the temperature or the magnetic field [1]. Matter may transfer from one phase to another
when the applied fields change. This is called "phase transition". Sometimes a phase transition
has an end point called "critical point". The simplest example of the phase transition and the
critical point in water is shown in Figure 1-1. Beyond the critical point, one can not distinguish
the two phases. To study phase transition quantitatively, the concept of "order parameter" was
introduced. The order parameter can be some of the thermodynamic quantities such as the volume
(or the density), the heat capacity, the magnetization and so on. If the order parameter
discontinues at the phase transition line, this kind of phase transition is called the "first-order
phase transition" [2]. The phase transitions between different phases of H20 (water, ice and vapor)
all belong to the first-order phase transition. Furthermore, if the order parameter continues at the
phase transition line but the first-order derivative of the order parameter discontinues, we call this
kind of transition the "second-order phase transition". Water has so many anomalies, among
which the most famous truth is that water has a density maximum at 4 oC. All the mysteries of
water may rely on the discoveries of the behavior of the phase transition and the critical point
hidden in the supercooled region. This is the motivation of my research.
1.1 Anomalies of Water and the Hypotheses
Water is essential to the world. It covers 3/4 of the surface of our earth and life comes from
water. Ancient people in different civilizations used the similar plain way to emphasize the
importance of water. In ancient Greece, water is one of the four Aristotle's elements (earth, water,
air and fire). Similarly, in ancient China, people considered water is one of the "five elements"
(Wu Xing), metal, wood, water, fire and earth. Although water seems to be a common substance
and looks so simple, there are still many mysteries unsolved. Some of them are fundamental.
Water has many thermodynamic anomalies, among which the most notable one is the existence of
the density maximum at 277 K and the minimum at 203 K [3, 4]. The latter is going to be discussed in
my thesis as an important part. The presence of these density extrema implies the existence of the
hypothetical liquid-liquid critical point (LLCP) hidden in the deeply supercooled temperature
in-between these two extrema at an elevated pressure [5]. Recent neutron scattering experiments [6]
render further support of the existence of the LLCP. A reliable determination of the equation of state,
such as the density as functions of temperature and pressure, is thus essential in verifying the location
of the LLCP in the phase diagram. Scientists have been studying the density of supercooled water
since 1837 [7]. In 1970's, using emulsion methods, water density had been measured down to about
236 K [8]. There are two major difficulties to go to even lower temperature. First, this temperature is
very close to the "homogenous nucleation" temperature, which is believed to be the low limit to keep
bulk water from freezing. Below this limit, liquid water doesn't exist. Therefore this region is called
"no-man's land" [5]. Secondly, the general methods to measure water density became more and more
difficult and eventually became invalid while the water droplet got smaller and smaller. We solved the
first problem by using a confining substrate. A confining substrate, such as nano-porous silica material
MCM-41-S, can be used to inhibit the crystallization process and the confined water can be
supercooled down to at least 160 K. This trick allows us to study the relaxational behavior of water in
this "no-man's land". We solve the second problem by developing a new method to measure the water
density in a confined geometry by small angle neutron scattering (SANS) [3, 9].
Consistent with the possibility of the existence of the LLCP, a number of recent molecular
dynamics (MD) computer simulation studies predict that a density minimum occurs in water (H20)
[10-15]. These studies achieve deep supercooling without crystal nucleation due to the small system
size and short observation time explored, compared to experiments. In literature the five-site
transferable interaction potential (TIP5P) for water is considered to be the most accurate model for
reproducing experimental data when used with a simple spherical cutoff for the long-ranged
electrostatic interactions in MD simulations [16]. As shown in Figure 1-2, the TIP5P-E [13] model of
water exhibits a density minimum at a temperature Tmin approximately 70 K below Tmax at
atmospheric pressure. The ST2 potential is also widely used in simulation of water since early 1970s
[17]. The ST2 model also predicts that a density minimum occurs at approximately this temperature
[11, 12, 14, 15].
Besides the importance to the fundamental physics of water, confined water exhibits many
novel liquid properties found in living cells [18]. Density of water near a hydrophilic or a
hydrophobic interface reflects the special hydrogen-bond configuration near the confining surface
of the substrate. For example, protein, DNA and RNA hydration water has been shown [19-22] to
have the similar fragile-to-strong dynamic crossover (FSC) as the confined water in MCM-41-S
[6]. The FSC marks the crossover of the local structure of water from predominantly a high
density liquid (HDL) to a low density liquid (LDL). The former (HDL) is in a more fluid state
while the latter (LDL) is in a less fluid state. [19, 23] This change of hydration water mobility at
the crossover may trigger the so-called glass transition in protein [24]. The FSC was also found in
confined water in the carbon nanotubes [25].
Small angle neutron scattering method can be used to measure the average density of water
in the porous material [3, 9]. The reason is that the neutron scattering intensity is proportional to
the square of the difference of the scattering length density (sld) between the confined liquid and
the substrate. The sld of a molecular liquid is equal to the number density of the liquid times the
scattering length of the molecule. Since the scattering length of a nucleus does not change with
temperature, the temperature variation of the sld is directly proportional to the variation of the
number density (or the mass density) of the liquid. In 1993, the relative densities of water and ice
were measured in porous solids and a montmorillonite clay [26]. In the case of water confined in
porous silica MCM-41-S, due to the 2-D triangular structure of the silica matrix the scattering
intensity distribution displays a peak. The height of this diffraction peak reflects the square of the
mass density of the confined liquid since the density of silica has a very weak temperature
dependence in the temperature range studied.
1.2 Motivations
The motivation of my research is to answer the following question. Is the LLCP scenario
true or not? This is a fundamental physics question which related to one of the most important
substances: water. The tool that I used is SANS. According to my research SANS can be used to
measure the equation of state of supercooled confined water. From the equation of state, one can
study the thermodynamic behavior of the supercooled water. Therefore the existence of the LLCP
can be verified. Since confined water was used in my experiments to suppress the homogenous
nucleation, it is necessary to show the similarity of confined water and bulk water. Does confined
water have the same phase behavior as bulk water? What does the confinement affect on confined
water? I try to answer all the above questions in my thesis. The conclusions of each chapter are
basically constructed by the answers.
1.3 Survey of the Thesis
In this thesis, I, working with my collaborators, studied the equation of state of supercooled
confined water by measuring the density of it using SANS. In chapter 2, the porous silica sample
will be described, including the structure, the hydrophilicity, and the neutron scattering behavior.
Chapter 3 to 5 are the main part of this thesis, I will discuss the discovery of the density minimum
(Chapter 3), the absolute density measurement (Chapter 4) and the pressurized density
experiments (Chapter 5) respectively. In these chapters, a model will be introduced to fit the
experimental data. A method used to determine the absolute density is developed.
Besides the studies of supercooled confined water, I had accomplished some other subjects
in my 5-year PhD period. I selected one topic and put it in the appendix. In this part, I will show
some interesting results of the phonon dispersion in protein molecules. Protein has a dynamic
transition at about 200K. It effects on the phonon dispersion within the protein molecules. Since
such a dynamic transition is considered to be trigged by water, my study of LLCP of water
significantly relates to the study of protein phonons.
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Comparison of density versus temperature curves at ambient pressure for bulk liquid D20 (triangles)
[27], confined liquid D20 (solid circles) from this thesis, D20 ice Ih (solid squares) [28], and MD
simulations of liquid TIP5P-E water (open diamonds) [13]. The density values for the TIP5P-E model
(which is parameterized as model of H20) have been multiplied by 1.1 to facilitate the comparison
with the behavior of D20.
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Chapter 2
Sample Characterization
Bulk water freezes at 0 'C (273.15K) at ambient pressure. However, supercooled water exists.
Supercooling is the process of chilling a liquid below its freezing point, without it becoming solid
[29]. The middle clouds between 2,000 to 6,000 meters are made of supercooled water droplets
frequently [30]. To produce supercooled water, people reduced the nucleating impurities and
reduced the size of the water droplet to avoid the so-called "heterogeneous nucleation" [7].
However, even the smallest and purest water droplet still crystallizes at a low enough temperature
due to the entropy fluctuation. This is called the "homogeneous nucleation". Homogenous
nucleation temperature depends on the size of the water droplet. The low limit people ever
reached was about 230 K with the smallest droplet diameter of 1 micron [31]. To suppress this
limit, we use a confining material to confine water in nano-geometry to avoid crystallization. In
our experiments, mesoporous silica MCM-41-S has been used as the confining material.
2.1 Diffraction Peaks Indicate the Triangular Structure of
the Sample
Our sample consists of powder-like MCM-41-S, which is made of micellar templated
mesoporous silica crystallites (or grains) of the order of micron size. Inside each grain, 1-D
cylindrical pores arrange in a 2-D triangular lattice [6, 32, 33].
The sample was synthesized by our collaborators by reacting pre-formed 3 -zeolite seeds
(formed with tetraethylammonium hydroxide (TEAOH)) with decyltrimethylammonium bromide
solution (CIoTAB, Acros), then transferring the mixture into an autoclave at 150C for 18 hours. Solid
samples are then collected by filtration, washed with water, dried at 60'C in air overnight, and
calcined at 560C for 6 hours. The molar ratios of the reactants are SiO 2 : NaOH : TEAOH
CloTMAB: H20 = 1 : 0.075 : 0.285 : 0.22 : 52 [3].
The inset of Figure 2-1 shows the transverse section of the 2-D triangular lattice. A
MCM-41-S sample is always characterized by the following parameters, the pore radius R, the
inter-pore distance a, and the inter-layer distance d. The samples are always labeled with their pore
diameters, 2R, for example MCM-41-S-15 means the pore diameter of the sample is 15 A. From a
simple geometrical relation, we get d = - a .In our SANS experimental spectra, the location of the
2
2rrfirst diffraction peak Q1 indicates the inter-layer distance d by d =
Figure 2-1 shows SANS spectra of four MCM-41-S samples with different pore sizes. Since
the first diffraction peaks indicate the inter-layer distances, we find from this plot that usually the
larger pore size sample has the longer inter-layer distance, or the longer inter-pore distance. The
real pore size can be extract by model fitting using the method which will be introduced in
Chapter 3.
2.2 Sample Hydration
The sample is hydrated by exposing it to water vapor (H20 or D20) at room temperature in a
closed chamber until it reaches the fully hydration level. The fully hydration level is approximately 0.5
gram water per gram MCM-41-S. This value varies depending on the pore size and the quality of the
sample. For the contrast matching experiments, a mixture of H20 and D20 was used to hydrate
sample.
In the case of preparing partially hydrated sample (which will be introduced in 4.2 Pore Size and
Hydration Level Dependence), we controlled the hydration time to make the sample to reach a certain
hydration level we expected by weighing it during the hydration process.
MCM-41-S is a hydrophilic material. It absorbs water vapor very quickly in air. Handling,
transferring and loading sample must be very fast in air, or a glove box is needed. Before the sample
being hydrated, it is recommended to use a vacuum pump to expel all water in the sample and get a
absolutely dried sample so that one can monitor the hydration level during the hydration process. The
pumping process usually takes 1 to 2 hours. Longer time is not necessary. A hydration saturation curve
is shown in Figure 2-2. For this particular sample 20 hours is enough to reach the fully hydration level.
Time may vary due to different pore sizes and sample qualities. In practice, 1.5 to 2 days are quite
enough to reach the fully hydration level.
2.3 Contrast Matching Experiments Show the Average
SId of the Sample
To define the ability of a nucleus to scatter neutrons, the physical quantity "scattering length" b is
introduced [34]. b has the same unit of the length and a typical value is about 10- 5 m, or 1 fm. b can
be positive or negative depending on the phase of the wavefunction. Neutron has a spin. According to
the relation between the spin of the nucleus and the scattered neutron, b has two values: b, (spins are
parallel) and b. (spins are anti-parallel). The weighted average of b+ and b- is defined as the "coherent
scattering length" bcoh. The coherent scattering cross section Gcoh relates to bcoh by ccoh= 47cbcoh . The
scattering length in unit volume is defined as "scattering length density" (sld) p.
SANS intensity distribution I(Q) of an isotropic sample is generally given by
I(Q) = nV2 (Ap) 2 P(Q)S(Q), (2-1)
where n the number density of the scattering unit, Vp the volume of the scattering unit,
Ap = pp - Pe the difference of the sld between the scattering unit pp, and the environment pe,
P(Q) the normalized particle structure factor of the scattering unit, and S(Q) the inter-particle
structure factor. The sld pcan be rewritten as p= ap', where a = (NA b,)/M,, NA is
Avogadro's number, Mw is the molecular weight of the scattering unit, b, is the coherent scattering
length of the ith atom in the scattering molecule, and pp is the average mass density of the scattering
unit [35]. For example, in the case of our fully hydrated sample, the scattering unit is the water column
and the environment is the surrounding silica matrix.
It is easy to find that if Ap = 0 then the scattering intensity vanishes. Therefore in our case, if
we can control the sld of water inside the silica matrix, we can determine the sld of the material
MCM-41-S. In general, this method is called the "contrast match" method or the "contrast variation"
method [36]. The water with different sld can be obtained by mixing H20 and D20 in different ratio.
The sld of H20 is -0.5613 X 1010 cm -2 , and that of D20 is 6.335 X 1010 cm-2 at room temperature and
ambient pressure. In Figure 2-3, four spectra show the SANS intensities of dry sample, H20 hydrated
sample, D20 hydrated sample and the mixture hydrated sample respectively. The mixture was made
by the molar ratio [D20] : [H20] = 0.6 : 0.4 referring to the Ref. [36]. The structural peak of the
mixture hydrated sample almost vanishes. This means that the sld of the mixture is very close to that
of the silica matrix. Besides this, a shift of the structural peak of hydrated sample was observed. It
indicates that MCM-41-S enlarges the intra-layers distance when it absorbs water.
To obtain the sld of the silica matrix precisely, a series of mixtures is needed. In the plot of the
square root of the peak intensity vs the D20 (or H20) concentration, the intercept on the x axis is the
"match point", where the sld of the mixture matches the silica matrix. Figure 2-4 shows a contrast
variation experiment. Only three concentrations (100% H20, 100% D20 and 60% D20 plus 40% H20)
were done in this experiment. The plots show the D20 concentrations of the match points increase a
little bit with the increasing of the pore size. However, the samples, of which the pore size is larger
than 12 A, have almost a same value of the intercepts. According to these plots, a good approximation
of the concentration of the match point corresponds to the molar ratio of [D20] : [H20] = 0.66 : 0.34.
Therefore the sld Pe of the confining material MCM-41-S is 4.006 X 1010 cm-2 which is independent
of temperature in this temperature range. This number is very important and will be used in the water
density measurement (Chapter 3 and 4).
2.4 Conclusion
The sample characterization was studied in this chapter. The SANS spectrum showed a structure
peak which indicates the 2-D triangular lattice of the silica matrix. Studies of the sample hydration
saturation curve show the best hydration time is about 1.5 to 2 days. The sld of the silica matrix was
studied using the contrast variation method. In our experiment, the sld of the confining material
MCM-41-S was determined to be 4.006 X 101° cm-2
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Figure 2-1
SANS spectra of MCM-41-S with 4 different pore sizes, 10 A, 12 A, 14 A and 19 A. The inset
shows a schematic transverse section of a sample. The parameters R, a and d are indicated in this
figure.
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the match points.
26
Chapter 3
Density Minimum in Supercooled Confined
Water
Sometime around 250 B.C., the Greek mathematician Archimedes solved the famous
problem of determining the purity of the gold crown of King of Syracuse by measuring the
density of it. He used the method, which is called Archimedes's Principle today, to measure the
volume (V) of the crown. Knowing the mass (m) by weighing it, he easily calculated the density
of the crown by p=m/V. However, this simple formula cannot always be used to measure a density.
As we discussed in Chapter 2, in the case of measuring the density of supercooled water, the
lower temperature reached requests the smaller volume of the water droplet. So the measurements
of V and m require higher and higher accuracy. People successfully measured the density of
supercooled water down to the temperature which is very close to the homogeneous nucleation
temperature [7, 37]. But when water is confined in a nano-porous material to suppress this limit, it
becomes impossible to accurately measure the volume and the mass using traditional methods.
Therefore, we developed a new method to measure the density using SANS without knowing the
volume and the mass respectively.
3.1 Small Angle Neutron Scattering
The technique of neutron scattering was developed in 1940's by Bertram N. Brockhouse and
Clifford G. Shull, who shared the Nobel Prize in 1994 for their "pioneering contributions to the
development of neutron scattering techniques for studies of condensed matter" [38]. Today, neutron
scattering becomes a mature technology which is widely used in physics, chemistry, biology, and
material science.
When neutron is scattered by nucleus, the kinetic energy and the momentum will change. The
principle of neutron scattering is to use the information of the changes of the kinetic energy and
momentum to investigate the dynamic and the structure of the microcosms [34, 39]. SANS,
particularly using the momentum information of the scattered neutron in the small angle, studies the
static structure of the scattering sample [40, 41].
Our SANS experiments were performed at NG3 and NG7, 30-m SANS spectrometers, in the
NIST Center for Neutron Research (NCNR) [42]. The incident monochromatic neutrons have an
average wave length of X=5 A with a fractional spread of AX/= 10%. The sample to detector distance
is fixed to cover the range of magnitudes of neutron wave vector transfer Q from 0.008 A-' to 0.40 A'.
This Q range covers the low Q part of the interfacial scattering between different grains and the high
Q Bragg peak due to the triangular array of silica pores within a grain. The amplitude of the latter is
used as an indicator of the density of water in the sample.
3.2 Model Description
In this experiment, we chose the material with a pore diameter of 15±1 A because the differential
scanning calorimetry data showed no freezing peak down to 160 K for the fully hydrated sample.
The powder sample of MCM-4 1-S-15 we used in the experiment consists of crystallites, or grains
(approximately spherical) of the order of micron size. Each grain is made up of a 2-D triangular matrix
of parallel cylindrical silica pores with an inter-pore distance a. Being fully hydrated, all the pores are
filled with water (D20), which has a considerably different scattering length density from that of the
silica matrix. The direction of the cylindrical axis in each grain is randomly distributed in space. The
diffraction pattern from the sample therefore consists of two parts: (i) inter-grain interfacial scattering,
the Q-dependence of which follows a power law; and (ii) a Bragg peak at Ql=27c/d coming from the
2-D triangular internal structure of the grains.
Fig. 3-1 shows a peak situated at Q1=0.287 A-', which corresponds to the intra-layer distance
2
d = 271/Q, 21.9 A. Therefore, the inter-pore distance a = - d 25.3 A. In the range of
0.1-0.2 A', a straight line in log-log scale represents the asymptotic part of the interfacial scattering
(Porod's Law).
In a SANS experiment, the measured Q-vector is essentially perpendicular to the incident neutron
direction. For a scattering unit (particle), which is a long cylinder with a small circular cross section
(such as the present case), the scattering geometry essentially selects out only those cylinders which
happen to lie with their cylindrical axes parallel to the incident neutron direction. Consequently the
direction of the measured Q-vector is nearly perpendicular to the cylindrical axis (shown in Fig. 3-2).
With this understanding, the neutron scattering intensity distribution I(Q) is given by
I(Q) = nV(Ap) 2P(Q)S(Q), where n is the number of scattering units (water cylinders) per unit volume
in the sample, Vp the volume of the scattering unit, Ap = pp - pe the difference of the sld between
the scattering unit p, and the environment Pe, P(Q) the normalized particle structure factor
(or form factor) of the water cylinder, and S(Q) the inter-particle structure factor (of a 2-D triangular
lattice). Note that the sld of the confining material MCM-41-S-15 is pe =4.006 X 1010 cm2 (from 2.3
Contrast Matching Experiments Show the Average Sld of the Sample) and is approximately
independent of temperature in the temperature range we study (as is evidenced by the fact that the
position of Q, changes by less than 0.5% for the entire temperature range studied, see Table 3-1). The
sld of the of scattering unit pp can be rewritten as p = pDoNA b, /Mw where NA is Avogadro's
i
number, Mw the molecular weight of D20, bi the coherent scattering length of the i-th D20 molecule in
the scattering unit, and PD20 the mass density of D20. Based on the above relations, we find that all
the variables in the expression for I(Q) are temperature independent except for Ap since it involves
a temperature dependent parameter PD20. Hence we are able to determine the density of water (D20)
by measuring the temperature dependent neutron scattering intensity I(Q).
The structure factor S(Q) of a perfect 2-D triangular lattice is a series of delta functions (Bragg
4n 2x 4 _ 2
peaks) situated at = 2 , Q = 2 , .. where d is the intra-layer
-a d a d
distance, a is the length of the primitive lattice vectors (al and a2) of the 2-D triangular lattice and b is
the length of the primitive lattice vectors (bl and b2) in the reciprocal space (shown in Fig. 3-2). All
the Bragg peaks will be broadened due to defects of the lattice and the finite size of the grains. The
broadening can be well approximated by a Lorentzian function. The black solid line in Fig. 3-3 shows
the S(Q) in our model.
The normalized particle structure factor P(Q) of a long (QL>2n) cylinder is given by
P(Q) = ( 2J(QR 2 [35], where L and R represent the length and the radius of the
cylinder respectively, and J(x) is the first-order Bessel function of the first kind. As an example, the
form of P(Q) is depicted as a green solid line in Fig. 3-3.
Therefore, the neutron intensity we measured in the Q, peak region (0.2-0.4 A'), after subtraction
of the interfacial scattering, is expressed as,
NA b 2J(QR) (3-1)
I(Q) = n V2 , ,, I 2-(
where is the FM and C is a tempeQRature-independent constant. Combining all constants, we(3-1)
where F is the FWHM and C is a temperature-independent constant. Combining all constants, we
obtain
)2 2(QR)2 1 ( , (3-2)I(Q) = C 3R2 
where the new prefactor
C =4CnV p NAm b Pe oc (p,0 -C 0)2 , (3-3)
and Co = Pe = 0.6273 g/cm 3 determined by Pe ofMCM-41-S-15.
NA b
By fitting the model described above to our data for neutron intensity I(Q), the parameters C1, R, d
and F are obtained. The fitted curves for different temperatures show the good agreement of the model
with the experimental data in Fig. 3-3 B. The square root of the fitting parameter C1 and the mass
density of D20 have a linear relationship according to Equation 3-3. Extracting C1 from the analysis,
we obtain the density of D20 in the pores by assuming it has the same density as bulk D20 at 284±5 K.
The fitted diameter of 16 A of the water cylinder agrees closely with the diameter determined by
nitrogen adsorption (15±1 A). Table 3-1, Fig. 3-4 and Fig. 3-5 show the D20 density versus
temperature. The plot shows a smooth transition of D20 density from a higher value to a lower value.
The higher value corresponds to the known density maximum of D20 at about 284 K. Most
significantly, we find a density minimum situated at Tmin=210+5 K with a value of 1.041±0.003 g/cm3 .
3.3 Discovery of Density Minimum in Supercooled
Confined Water
Of the many remarkable physical properties of liquid water [43], the density maximum is
probably the most well-known. The density maximum of H20 at Tmax=277 K (284 K in D20) is
one of only a few liquid-state density maxima known [28], and the only one found to occur in the
stable liquid phase above the melting temperature. Water's density maximum is a dramatic
expression of the central role played by hydrogen bonding in determining the properties of this
liquid: as temperature T decreases through the region of the density maximum, an increasingly
organized and open four-coordinated network of hydrogen bonds expands the volume occupied
by the liquid, overwhelming the normal tendency of the liquid to contract as it is cooled.
The density of bulk supercooled liquid water decreases rapidly with T before the onset of
homogeneous nucleation precludes further measurements. The density curve of ice Ih lies below that
of the liquid, and almost certainly sets a lower bound on the density that the supercooled liquid could
attain if nucleation were avoided, since ice Ih represents the limiting case of a perfectly ordered
tetrahedral network of hydrogen bonds. Significantly, the expansivity of ice Ih in this T range is
positive [44], i.e. the density increases as T decreases (see Fig. 1-2). The low density amorphous
(LDA) ice that forms from deeply supercooled liquid water at the (in this case extremely weak) glass
transition, approaches very closely the structure of a "random tetrahedral network" (RTN), and
exhibits a number of ice-like properties, including a "normal" (i.e. positive) expansivity [45]. If the
structure of deeply supercooled water also approaches that of a RTN, it is therefore possible that a
density minimum occurs in the supercooled liquid [10].
Fig. 1-2 compares the measured density minimum with the calculated one in Paschek's MD
simulation study of TIP5P-E [13]. The correspondence in T with our experimental data is excellent:
for TIP5P-E, Tmax-Tmin is approximately 70 K, compared with 80 K in the present study. Note also that
the ratio of the maximum to minimum density is 1.05 for TIP5P-E, compared with 1.06 for our data.
The minimum density we find (1.041 g/cm 3) also compares well with the density of LDA ice, to
which the deeply supercooled liquid will transform at the glass transition, if crystallization is avoided.
The density of H20 LDA ice is 0.94 g/cm3 [45], corresponding to approximately 1.04 g/cm3 for D20
LDA ice, assuming a 10.6% density difference [46]. Also of note is that a super-Arrhenius to
Arrhenius dynamic crossover phenomenon has been experimentally observed in this confined water
(H120) system at 225 K [6, 33]; hence Tmin occurs in a regime of strong liquid behavior, below this
crossover. Together, these observations strongly suggest that the structure of water below Tmin is
approaching that of a fully-connected, defect-free hydrogen bond network, in which the anomalies of
water, so prominent near the melting temperature, disappear.
3.4 Conclusion
Our results demonstrate that SANS is a powerful method for determining the average density of
D20 in cylindrical pores of MCM-4 I1-S silica matrix. It remains an open question whether the density
minimum we find in confined water can be confirmed in bulk water. However, given the importance
of confined water, particularly in biological systems, our demonstration of the disappearance of
water's anomalies in confinement below 210 K has broad implications for understanding the low
temperature properties of a wide range of aqueous microstructured systems, as well as bulk water
itself.
Density minima in liquids are even rarer than density maxima. We are aware of reports of density
minima in only a few liquid systems, such as Ge-Se mixtures [47]. Confirming the existence of a
density minimum in water would reveal much about the supercooled state of this important liquid.
Its occurrence would signal the reversal of the anomalies that set in near the density maximum; i.e.
that mildly supercooled water is anomalous, but that deeply supercooled water "goes normal".
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Figure 3-1
SANS spectra of a fully hydrated MCM-41-S sample. The power law region represents the interfacial
scattering from the sub-micron grains and the peak represents the 2-D triangular structure of the in
each grain.
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Figure 3-2
Schematic structure of the MCM-41-S sample. a, and a2 are the primitive lattice vectors of the 2-D
triangular lattice. b, and b2 are the primitive lattice vectors in the reciprocal space.
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Figure 3-3
Model analysis of SANS intensity distribution. (A) The blue circles show the SANS data (at 250K)
with the contribution of the interfacial (surfaces of the grains) scattering subtracted. The red solid line
represents the fitted curve using the model given in the text. The black line represents the structure
factor S(Q) of the 2-D triangular lattice. The green line represents the form factor P(Q) of the
cylindrical tube of D20 column. (To make the figure clearer, the magnitude of S(Q) is multiplied by a
factor 3x10 -4). (B) SANS data and their fitted curves for different temperatures. Four curves are
selected to show the good agreement between the model analyses and the experimental data.
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Figure 3-4
Average D20 density inside the 15±1 A pore measured by SANS method as a function of temperature.
A smooth transition of D20 density from the maximum value at 284±5 K to the minimum value at
210±5 K is clearly shown in the figure. The filled squares are the density data for bulk D20 taken from
CRC handbook [27].
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Figure 3-5
Discovery of the density minimum in supercooled confined water. The saddle point of the 3-D plot of
the SANS intensity distribution clearly shows the density minimum point.
T (K) C1  R (A) 2K/d (A-1) F (A-1) p (g/cm3 )
160 0.004269 8.09 0.287 0.0328 1.061
170 0.004237 8.09 0.287 0.0328 1.059
180 0.004201 8.09 0.287 0.0328 1.057
190 0.004111 8.09 0.287 0.0328 1.053
200 0.003984 8.09 0.287 0.0325 1.046
210 0.003889 8.09 0.287 0.0324 1.041
220 0.003907 8.09 0.287 0.0326 1.042
230 0.004006 8.09 0.287 0.0330 1.047
240 0.004244 8.09 0.288 0.0337 1.060
250 0.004483 8.09 0.288 0.0341 1.071
260 0.004819 8.09 0.288 0.0346 1.088
270 0.005017 8.09 0.288 0.0348 1.097
280 0.005168 8.09 0.288 0.0347 1.104
290 0.005203 8.09 0.288 0.0344 1.106
Table 3-1
Fitted model parameters and the measured density of D20 as a function of temperature
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Chapter 4
Absolute Density Measurement
We used D20 instead of H20 to do the density measurement because the sld of D20 is much
larger than that of H20. Hence it is easy to see the temperature dependent density variation of
D20 through the diffraction peak height. Using this method, we have shown in previous chapter
that water has a density minimum in the supercooled region which was never been found before.
In this chapter, we improved the method further and developed a new way to determine the
absolute density of 1-D confined D20 by taking the SANS data of D20 and H20 simultaneously.
Using this new method we found that the average density of D20 confined in the fully hydrated
MCM-4 1-S-19 is 8% higher than that of the bulk D20 at room temperature. This result is supported by
MD simulations [26, 48]and by a direct measurement of the density of the hydration water on protein
surface [49].
4.1 Method to Extract the Absolute Density of Confined
Water
We made a series of measurements between 140 K and 290 K in a step of 10 K (or 5 K) to
monitor the variation of the density in the supercooled and at low temperature region above the
melting point for D20 hydrated sample. H20 sample was measured at two temperatures, 160 K and
260 K, to make the calibration.
As discussed in Chapter 3, in neutron scattering experiments, the scattering intensity distribution
reflects the 3-D Fourier transform of the spatial structure of the sample. A peak in the scattering
intensity distribution reveals a periodical structure of the scattered center in the real space. The powder
sample of MCM-41-S consists of a collection of micron size grains and in each grain a bundle of
cylindrical pores arranged in a 2-D triangular lattice. Fig. 4-1 shows SANS peaks of 19 A sample
situated at Qi=0.19 A-, which is related to the center-center distance a of the cylindrical pores in the
4re
triangular structure by a = 4 ~ 38 A.
From the Equ. 3-1, we rewrite the neutron intensity we measured in the Q, peak region (0.1-0.3
A-') is expressed as,
I(Q)= nV m _ Pe) 2 r 2Ji(QR )  C ,F ' (4-1)"QL QR (Q _ _ ) +(F2 ,
where a = (NA b) / M,. Combining all constants, we obtain
I(Q) = Cj(R) ( 2 F (4-2)Q3R 2  (Q__)2 + (F)2),
where the new prefactor C, = G(ap" - P .Factor G is defined as G = 47nCoV 2 / L, which is a
temperature-independent constant and is only determined by the geometry of the sample. From the
definition of a, one can easily calculate that aH20 = -0.5613 x 1010 cm/g and
aD20 = 5.759 x 1010 cm/g. Factor C can be obtained by fitting the intensity curve using Eq. 4-2.
To obtain the absolute density of water only one unknown, factor G needs to be determined.
Considering that the sample geometries are kept identical during different measurements, factor G can
be canceled out by combining two measurements. In our experiment, we measured the scattering
intensity of D20 hydrated sample and H20 hydrated sample at 160 K and 260 K (see Fig. 4-1).
Assuming at these temperatures P'o 0 = 1. p 20 , we wrote,
PmO /+, (4-3)
PD aD208 + a,20 /1.1 A
where 8 = CIH2O /CD20 . Using the density of D20 extracted at 260 K, the factor G is determined.
Then one can calculate the absolute values of D20 density for the whole temperature range.
Fig. 4-1 A shows the average D20 densities in the 19 A pore and 15 A pore versus temperature.
The plot shows a smooth transition of D20 density from a high level to a low level. A density
minimum occurs at 210±5 K, which coincides with our results in the previous chapter.
In principle, the density of any liquid that is confined in an ordered structure can be measured
using this method. The only requirement is that the sld of the confined material and the substrate have
a significant difference. Another obvious fact is that the sld of the confined liquid should be large
compared to that of the matrix to observe a clear density variation. Owing to a finite spatial resolution
of the SANS method (about 10 A) the measured density is the average density of the confined liquid
in the pores. The accuracy of this measurement depends on the error bars of the SANS intensities
around the peak position. From our analysis, our measured density has an error within 0.1%, which
means the results are reliable and do not sensitively depend on the fitting model.
4.2 Pore Size and Hydration Level Dependences
This is the first experiment of the measurement of the absolute density in I-D confined water. At
room temperature, our result shows that the density of confined water in fully hydrated 19 A pore is
8% higher than that of the bulk water. Experiments and Simulations show that there is a water shell
close to the confining surface. The density of this layer of water is 10% to 15% higher than that of
bulk water [26, 48, 49]. The pore diameter of our sample is 19 A and the thickness of the surface layer
is estimated to be 3 A. From a simple calculation, we obtain the volume ratio of the central water to
the shell water is about 4 : 5. Assuming the density of the shell water is 15% higher than that of the
bulk water, we find the density of the central water is the same as that of the bulk water. To verify this
result, we measured the water confined in partially hydrated pores of 15 A diameter with about 85% of
the fully hydration level. Since water forms the shell layer first [50], the 15% lowering of hydration
level is almost all taken from the central water (bulk water). The average density should drop about
5% according to a similar calculation. The curves shown in Fig 4-2 indicate a rough agreement of the
numerical values of the measured density with this calculation.
4.3 Conclusion
In summary, we developed a method to measure the absolute density of confined water by
simultaneously measuring the SANS intensities of the D20 hydrated and H20 hydrated MCM-4 I1-S. In
the previous chapter, we studied the bulk water properties using the confined water assuming they
have the same density at the room temperature. Although we verify in this chapter that the interfacial
layer of confined water (in MCM-41-S) has about 10-15% high density than the bulk water, the
conclusion of the existence of the density minimum is still valid. Consequently, the central water in
the cylindrical pores has the same density as bulk water. Studies of the density dependences of the
pore size and the hydration level show that the central water always has the same density at the fully
hydration level. An independent quasi-elastic neutron scattering (QENS) [6] showed the central water
have the same dynamic behaviors as bulk water. Combining the thermodynamic and dynamic results,
therefore we conclude that the confine water is basically a good mimic to study bulk water.
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Figure 4-1
Model analysis of the SANS intensity distribution of a fully hydrated sample with 19 A pores. (A) The
open circles show the SANS data. The solid line represents the fitted curve using the model given in
the text. The dash-dotted line represents the structure factor of the 2-D triangular lattice. The dashed
line represents the particle structure factor of the cylindrical tube of D20 column. (B) Comparison of
the spectrum of D20 hydrated sample and H20 hydrated sample at two temperatures. The scattering
intensities of D20 hydrated sample are lower than which of H20 hydrated sample. But the intensity
variation as a function of the temperature change is higher due to the relatively higher sld of D20
sample. This figure also shows good agreement between the experimental data (symbols) and the
model fitted curves (solid lines).
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Figure 4-2
Average D20 density inside the 19 A and 15 A pore measured by SANS method as a function of
temperature. The open triangular symbols are the density data for bulk D20 taken from CRC
handbook [27]. It shows that the density of confined D20 in fully hydrated pores is 8% higher than
bulk D20 at room temperature. D20 density in partially hydrated pores is lower than that of bulk water
because of the existence of a partially empty central core.
Chapter 5
Density Measurement, Phase Transition and
the Liquid-Liquid Critical Point
The finding of a density minimum also has significant implications for the proposal that a
liquid-liquid phase transition (LLPT) occurs in supercooled water [14, 43], along the same lines as
was recently argued for vitreous silica [51]. In this chapter, we also show the plausibility of the
existence of the Widom line by demonstrating the peaking of the temperature derivative of density.
5.1 Density Minimum and the Liquid-liquid Phase
Transition in Supercooled Confined Water
The implications of the LLPT arise because of formal relationships that exist between density
anomalies and response functions, such as the isothermal compressibility KT and the isobaric specific
heat Cp [52]. For example, KT is known experimentally to increase with decreasing T near Tmax, and it
has been shown that this must be true in any system upon crossing a line of density maxima having
negative slope in the T-P plane. When applied to the vicinity of a density minimum, these same
thermodynamic relations predict that KT must be decreasing with T at Tmin, under the physically
plausible assumption that the line of density minima also has a negative slope in the T-P plane. In
combination, these two constraints on the behavior of KT mean that KT must have a maximum between
Tmin and Tmax. A KT maximum implies that other response functions, such as the specific heat Cp, will
also attain extrema in the range between Tmin and Tmax. A Cp peak in this range is consistent with the
dynamical crossover observed at 225 K [6, 33]. Furthermore, the occurrence of an inflection point in
our data for the T dependence of the density (see Fig. 3-4) directly establishes that the thermal
expansion coefficient ap = - 1/p (p/Tf)p has a minimum between Tmin and Tmax. We know for
fact that ca has a peak when we cross the Widom line above the liquid-vapor transition of steam [53].
This reinforces the plausibility that there is a Widom line emanating from the liquid-liquid critical
point in supercooled water passing between Tmin and Tmax, as was indicated in our previous experiment
which detects the dynamic crossover phenomenon at 225 K at ambient pressure.
This pattern of thermodynamic behavior, in which density anomalies bracket extrema in response
functions at ambient pressure, is entirely consistent with that found in MD simulations of TIP5P-E and
ST2, both of which exhibit a LLPT at an elevated pressure (see in particular Fig. 2 of Ref. [14]).
Conversely, MD models of water in which a density minimum has not been observed are also models
in which a LLPT has not been identified. In the T-P plane, the lines of response function extrema
necessarily meet at the critical point of the LLPT, if it exists. The present results, combined with those
of Ref. [6, 33], demonstrate that the temperature window in which these extrema occur can be
identified and accessed at ambient pressure, and that the system remains an ergodic liquid throughout
this range. Therefore, if the critical point of a LLPT exists at a higher pressure, there is considerable
promise that it also occurs in the liquid regime, and can be detected by mapping the equation of state
for the density via SANS experiments, conducted at higher pressure.
The measured water density shows a smooth transition from a high density level to a low
density level, which was predicted by MD simulations [5, 10, 47]. Combining with the
experimental results of the transition between the low density amorphous (LDA) and the high
density amorphous (HDA) [6, 51], a complete picture of water in low temperature region emerges.
Although more data are needed to map out the temperature dependence of density along many
high pressure isobars, we demonstrate that in principle this method is capable of locating the
LLCP if it exists.
5.2 The Derivative of the Density Indicates the Location
of the Widom Line
Op/li p as a function of T can be extracted from the p vs T curve (see Fig. 5-1). This is a
quantity which is proportional to the thermal expansion coefficient ap = -1/p(Op/oI)p. It shows
a pronounced peak at 240±5 K. Since it is known that the absolute value of the thermal expansion
coefficient peaks at the Widom line above the critical point [33, 53], this result reinforces the
plausibility of the existences of the Widom line and the associated LLCP. Plots of different pore sizes
show almost same peak positions. Therefore, although the absolute density of water in nanopores is
different from that of bulk water, its temperature derivative Op/JI' is independent of the absolute
value of the density. Our experiment shows that the peak position of this quantity is independent of
pore size (see Fig. 4-2, 5-1 and 5-3).
Our previous neutron scattering experiments and NMR self-diffusion constant measurements show
that the FSC temperature (also the Widom temperature) of H20 is at TL(H 20) = 225±5 K at ambient
pressure [6, 23]. The value TL(D20) = 240±5 K for the FSC temperature of D20 estimated here is thus
reasonable because of the well-known fact that thermodynamic quantities of D20 usually have a shift
to the higher temperature side compared to that of H20. For example, the density maximum of D20
occurs at 11 oC at ambient pressure instead of 4 OC for H20. MD simulations predicted that when
pressure goes higher approaching the critical point, the peak of dp/lolp becomes increasingly
higher and eventually diverges at the LLCP [13]. It is plausible that using the method described above,
one can eventually locate the LLCP by monitoring the growth of the peak height of Op/oTl.
5.3 Pressurized Experiments Show the Evidence of the
Existence of the Liquid-Liquid Critical Point
A series of pressurized experiments were done to map out the Widom line in supercooled confined
water (D20). Fig. 5-2 show the density curves for three isobars (1, 1000 and 1500 bar). As we
expected, density consistently increased at elevated pressures. The curves of the derivative of the
density are shown in Fig. 5-3 A. The maximum point of the derivative of the density was marked by
arrow signs. Plotting these points on the P-T plane (as shown in Fig. 5-3 B), the trend of the Widom
line appears. For comparison, the Widom line in supercooled confined H20 water was drawn in the
same plane. It's easy to find that the D20 Widom line shifts to the high pressure roughly 10 K. This
coincides with the shift of the other thermodynamic behaviors, such as the temperature of the
maximum density (TMD) line.
5.4 Conclusion
Besides the density minimum and density absolute value measurement, SANS data also show the
evidence of the existence of the LLCP. When we scan temperature at a constant pressure (isobar) the
thermal expansion coefficient of the confined supercooled water shows an extremum at the Widom
line. The pressurized experiments clearly indicated the trend of the Widom line and point to a
hypothetical critical point. The measured Widom line of D20 show a reasonable shift from that of H20,
which was determined by an independent QENS experiment.
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Appendix A
Studies of Dynamic Transition of Proteins by
High Resolution Inelastic X-ray Scattering
(IXS)
Hydrated proteins exhibit a dynamic transition, sometimes called a glass transition, at TD = 220K.
Above TD the protein shows conformational flexibility, characterized by collective slow dynamics
with large amplitude motions. Below TD proteins exist in a glassy state with solid-like structures,
executing harmonic vibrations. As the temperature increases above TD, atomic motions evolve from
harmonic solid to anharmonic liquid-like motions [54]. Experiments show that biological functions of
proteins decrease nearly to zero below TD [55]. This suggests that the presence of large amplitude
conformational flexibility in a protein molecule is essential to its biological function such as
enzymatic catalysis.
A.1 Introduction
Molecular dynamics (MD) simulations [56, 57], elastic neutron scattering (ENS) experiments
[58-60] and quasi-elastic neutron scattering (QENS) [61]showed an abrupt change in slope of the
mean square displacement (MSD) of hydrogen atoms in proteins at the dynamic transition temperature.
In literature, the correlation between dynamic transition of proteins and their hydration water has been
extensively discussed[62]. A recent QENS experiment indicated that the temperature dependent
translational relaxation time of protein hydration water shows a dynamic crossover phenomenon at TL
= 225+5 K [19], which coincides with the protein dynamic transition temperature TD. The above
studies are dominated by the incoherent neutron scattering because hydrogen has a huge incoherent
neutron scattering cross section compared to other atoms in bio-materials. The incoherent scattering
always shows the motions of single particle. Different from the incoherent neutron scattering, the
x-ray scattering is coherent and is always used to study the collective motion of molecules. In this
section, we use inelastic x-ray scattering (IXS) to investigate the collective atomic motions in two
globular proteins, lysozyme (LYZ) and bovine serum albumin (BSA). We show that the Q dependent
intra-protein collective vibrational frequencies also exhibit a substantial softening above the transition
temperature TD.
Inelastic X-ray scattering (IXS) is a very powerful tool to study the collective motions of atoms,
such as phonon dispersion relation. Using this technique, we have studied the phonon dispersion
relations in biological assemblies such as lipid bilayers [63] (2-D system) and aligned DNA [64] (1-D
system). Recently, some researchers studied the inter-protein phonons in protein crystals by MD
simulations [65-67]. However, it is also relevant to study the intra-protein collective atomic motions
since it is intimately connected to the biological activities of the macromolecule. In this section, we
use IXS to study the intra-protein collective atomic motions and identify well-defined Q-dependent
phonon-like low energy excitations for the first time. While the intra-protein low-Q phonon-like
excitations show little visible temperature dependence in the temperature range investigated, the
intra-protein phonons above the major diffraction peak show considerable temperature dependence
above TD [68].
A.2 Protein Samples and IXS Experiments
We used two structurally different proteins, LYZ and BSA. LYZ is an enzyme consisting of 129
amino acid residues which folds into a compact globular structure having an ellipsoidal shape with
dimensions a x b x b = 2.25 x 1.5 x1.5 nm3, having a molecular weight of 14.4 kDa [69]. LYZ has five
helical regions and five beta sheet regions consisting of a large amount of random coil and beta turns
[70, 71]. BSA is a transport protein and the principal carrier of fatty acids that are otherwise insoluble
in circulating plasma. It is a prolate ellipsoid with a x b x b = 7 x 2 x 2 nm3, having a molecular weight
of about 66.7 kDa [72]. It consists of 607 amino acid residues that give an all helix structure. Hen egg
white LYZ (L7651), three times crystallized, dialyzed and lyophilized, and BSA (A7638), were both
obtained from Fluka and used without further purification. The protein powder was extensively
lyophilized to remove any water left. The dried protein powder was then hydrated isopiestically at 5
'C by exposing it to water vapor in a closed chamber until h = 0.3 is reached (i.e. 0.3 g H20 per g dry
protein). This hydration level was chosen to have almost a monolayer of water covering the protein
surface.
The experiments were performed at the inelastic x-ray scattering beamline, 3-ID-XOR, and the high
energy resolution inelastic x-ray scattering (HERIX) beamline, 30-ID-XOR at the Advanced Photon
Source (APS), Argonne National Laboratory [73]. Both instruments can measure the dynamic
structure factor S(Q,E) of the sample, which contains information on collective motions of atoms with
an energy resolution of about 2 meV (for IXS) and 1.5 meV (for HERIX). The measured Q
(magnitude of wave vector transfer in the scattering process) range is from 0 to 35 nm - and an energy
window from -20 to 40 meV.
A.3 Model and Data Analysis
A measured IXS spectrum I(Q,E) can be expressed as I(Q, E) = S(Q, E) 0 R(Q, E), where S(Q,E) is
the dynamic structure factor, R(Q,E) the resolution function, and o means numerical convolution. In
the past we used the Generalized Three Effective Eigenmode model (GTEE) [74] for the analysis of
IXS data. In this section we shall use a simplified model of GTEE, which is called the damped
harmonic-oscillator (DHO) model to analyze the normalized dynamic structure factor given by [75]:
S(Q,E) 1 F(Q)Q(Q)2 , (A-l)
S(Q) rc (E 2 - (Q)2 )2 + (F(Q)E)2
where the structure factor S(Q)= fS(Q, E)dE, O(Q) is the phonon energy at wave vector transfer
Q, and F(Q) is the phonon damping. In principal, the DHO model has no central Rayleigh (elastic)
peak, but has only the two Brillouin side peaks given by the Equ. A-1. But experimentally we observe
the presence of a large resolution limited central peak. Therefore, we phenomenonlogically added a
delta function central peak of a weight fraction fg(Q). In addition, we also take into account the
detailed balance factor, so that the extended DHO model is given as [76]:
kT r (E - f(Q)2 ) 2 + (T(Q)E)2
where n(E)+ 1 is the detailed balance factor, n(E) = (eB - 1)-' the Bose factor, A a normalization
constant, and fg(Q) represents the fraction of the elastic peak. At the low Q region fg(Q)> 0.95
and at the high Q region fg(Q) = 0.6 - 0.8.
To verify the experimental S(Q) for LYZ, we calculated it from 1) the crystallographic structure
(1AKI.pdb), and 2) an MD simulation at 250 K using a hydrated LYZ powder model [21, 77]. It was
calculated according to:
S N j '= (A-3)S(Q) = e  (A-3)
where N is the number of heavy atoms in the protein and Rj their coordinates. The comparison is
shown in Fig. A-1. Only S(Q) calculated from MD shows the 4 expected peaks, centered at Q = 7, 14,
30 and 55 nm-1 [65, 78], while peak A cannot be seen reproduced from the crystallographic structure.
Peak B arises from the order of the secondary structure (|-sheets average distance and a-helix repeat
and width), as displayed in Fig. A-1. Peak C is ascribed to the intermediate range order between amino
acidic residues, while peak D is attributed to the covalent bonds between heavy atoms (like C-C, C-N
etc.). Finally, the sharp increase at low Q indicates that, on average, a protein can be regarded as a
fluctuating continuum.
We show in Figure A-2 the analysis of measured IXS spectra S(Q,E) of BSA by the DHO model at
three different temperatures T = 170, 220 and 250 K. From the results of the model fit at Q = 4.5, 5.6
and 6.7 nm' (low Q range) at 220 K, we can see that the two Brillouin peaks are clearly identified and
the positions of the peaks are located at around 11meV for all the Q values. However, for Q = 24.6,
27.9 and 31.2 nm'1 (high Q range), clear Q-dependence of the phonon excitation energy is observed.
At a given Q value, when the temperature exceeds TD, we see a substantial decrease in the phonon
energy. This softening of the phonons in this Q range suggests that the slowing-down of motions
involving the intermediate-range order in a protein may be the origin of the restoration of its biological
activities.
From the results of the DHO analyses of the measured spectra, such as the ones that are illustrated
in Figure A-2, we plotted the phonon dispersion relations in the full Q range for LYZ and BSA
respectively in Figure A-3 and A-4. Two different phonon dispersion behaviors below and above Q
15 nm-1 (the position of the major peak of the measured structure factor S(Q)) are clearly shown in
both figures. In the low Q range of the BSA dispersion curves, there is no clear temperature
dependence of the excitation energies. In the high Q range, excitation energies have similar dispersion
curves as that had been observed in other bio-systems [12]. Since the lower Q phonons in the Q range
of 4 nm-1 to 10 nm-1 correspond to the length scale between 7 and 15 A, which reflects the
inter-protein motions, we can conclude that the inter-protein motions are temperature independent and
do not induce the temperature dependent biological functions of the proteins. On the other hand, the
high Q phonons in the Q range of 20 nm1' to 30 nm' , which correspond to the length scale of about
2-3 A, are close to the length scale of the typical distance of the secondary structure of the proteins
(4-5 A) and reflect the intra-protein collective atomic motions. We can clearly observe the quantitative
degree of the softening of phonons for both proteins as temperature exceeds TD in Fig. A-3 and A-4.
This fact strongly suggests that these temperature dependent intra-protein motions are intimately
related to the biological activities of proteins, which are also temperature dependent and strongly
decrease below TD. The presence of the structure factor peak at Q z15 nm-1 leads to a large damping
of the phonons, as we can see in panel (c) of fig. A-3 and A-4, so we cannot detect the phonons in this
region (the phonons are all damped out). The dotted lines in panel (b) of both Fig. A-3 and A-4, which
connect the dispersion curves, are guide lines drawn based on the previous studies of phonons in other
bio-systems [63]. The phonon damping F(Q) does not show a temperature dependence and is nearly
constant at high Q region. This fact shows that the temperature dependence of Q is reliable.
We calculated the factor 1-fg(Q) in Eq. A-2 and fit it by a power law. Since the factor fg(Q) is the
fraction of the elastic component, which should be proportional to the Debye-Waller factor
exp(-Q2(x2)). The low Q expansion of fg(Q) should be proportional to Q2. Our data show this Q2
dependence in Fig. A-3 and A-4. The factor 1-fg (Q) represents the fractional spectral intensity of the
phonon-like excitation in the total intensity. When T > TD, 1-fg(Q) is larger, which indicates that there
are more phonon population due to the onset of the conformational flexibility at TD.
A.4 Conclusion
In conclusion, using IXS we observed a well-defined dispersion relation of intra-protein
phonon-like excitations. We identify a significant temperature-dependence of the slowing-down and
an increase in population of phonon-like collective motions in the Q range larger than 20 nm-' above
the dynamic transition temperature TD. We believe that these phonon-like modes are the result of the
collective vibrational motions of the atoms in the ot-helices and P-sheets. Below TD the vibrational
frequency is too high and the population of the modes is too low to be able to facilitate the biological
function. That is the reason why proteins are not good enzymes below the dynamic transition
temperature. Different from the 2-D [63] and 1-D [64] biological systems we studied before, a protein
molecule is a 3-D finite size system, which does not allow the long wavelength intra-protein phonons
to propagate. This could be the reason why in our experiment the low Q acoustic type phonons can
still exist which may come from the inter-protein motions [66]. The absence of dispersion in the low Q
region is an intriguing observation, which may be observable also by incoherent inelastic scattering of
neutrons.
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Figure A-1
Lysozyme structure factor S(q) calculated from the crystallographic structure (red) and from the MD
trajectories (blue). Arrows point at the main peaks in the S(q) spectrum: A) 7 nm', B) 14 nm-', C) 30
nm-', D) 55 nm- 1. Only the MD trajectories can reproduce the experimentally observed shoulder Peak
A. Peak B corresponds to typical distances of the protein secondary structure, peak C to some medium
range order between residues and peak D to the protein covalent bonds. The meaning of the shoulder
peak A is still uncertain.
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Figure A-2
Model fitting of the measured IXS spectra of BSA. The blue circles, cyan solid line, green dashed line
and pink solid line represent respectively the measured data, DHO model fitted curve, resolution
function and Brillouin component of the DHO model. The arrow signs (red) show the Stokes and the
anti-Stokes components of the phonon-like excitation energy at this Q. The upper panel shows the
fitted results at Q=4.5, 5.6, 6.7 nm-' (from left to right) at 220 K. No dispersion was observed in this Q
range. The lower panel shows the fitted results at Q=24.6, 27.9, 31.2 nm' (from left to right) at T= 170,
220, 250 K (from up to down). At each temperature, clear Q-dependence of the phonon excitation
energy is shown in the figure. At a given Q value, the phonon energy decreases substantially when
temperature exceeds TD.
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Figure A-3
(a) Structure factor S(Q) of BSA in a relative scale. We can see two major peaks at Q = 5 nm 1 and 15
nm-'. (b) Dispersion of the intra-protein phonon-like energy excitations of BSA as a function of Q,
below and above the second major peak in the structure factor. The square (blue), triangle (orange)
and circle (yellow) symbols indicate the phonon energies at 170, 220 and 250 K. (c) The phonon
damping as a fuction of temperature. (d) Fractional area of the Brillouin peak vs Q. The factor (1-fg) in
Eq. (2) is found to increase proportionally to Q2, 1 -f (Q) - a(T)Q 2, where a(T) is an increasing function
of T.of T.
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Analogous plots for the LYZ case (see Fig.3 caption for details). They show similar trends as in the
BSA case.
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Alatas, Ayman Said, Ercan Alp, Sow-Hsin Chen, "Studies of Phonon-like Low Energy Excitations of
Protein Molecules by Inelastic X-ray Scattering", submitted to Phys. Rev. Lett.
Yang Zhang, Marco Lagi, Dazhi Liu, Francesco Mallamace, Emiliano Fratini, Piero Baglioni, Eugene
Mamontov, Mark Hagen, and Sow-Hsin Chen, "Observation of high-temperature dynamic crossover
in protein hydrationwater and its relation to reversible denaturation of lysozyme", submitted to J.
Chem. Phys.
Dazhi Liu, Yang Zhang, Yun Liu, Jianlan Wu, Chia-Cheng Chen, Chung-Yuan Mou, Sow-Hsin Chen,
"Absolute Density Measurement of Confined Water by Small Angle Neutron Scattering Method", J.
Phys. Chem. B., 112, 4309-4312, (2008)
Sow-Hsin Chen, F. Mallamace, Li Liu, Dazhi Liu, et al. "Dynamic Crossover Phenomenon in
Confined Supercooled Water and its Relation to the Existence of a Liquid-Liquid Critical Point in
Water", an invited paper at the 5th International Workshop on Complex Systems, Sendai, Japan, Sep.
25-28, 2007, Eds. Michio Tokuyama, Irwin Oppenheim, Hideya Nishiyama, AIP Conference
Proceedings, 982, 39-52 (Melville, New York, 2008, ISBN 978-0-7354-0501-1).
Dazhi Liu, Yang Zhang, Chia-Cheng Chen, Chung-Yuan Mou, Peter H. Poole, Sow-Hsin Chen,
"Observation of the Density Minimum in Deeply Supercooled Confined Water", Proc. Natl. Acad.
Sci., 104, 9570-9574, (2007) (Selected as one of the highlighted "In This Issue" of PNAS. Selected
as one of the "2007 Accomplishments and Opportunities" of NIST Center for Neutron Research.)
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Appendix C
MatLab Code for SANS Model Fitting
MatLab code is available for SANS model fitting using in Chapter 3 and 4. Please contact Prof.
Sow-Hsin Chen (sowhsin@mit.edu) or Dazhi Liu (liudz@alumni.mit.edu) to obtain the code.
Please cite the paper, Dazhi Liu, Yang Zhang, Chia-Cheng Chen, Chung-Yuan Mou, Peter H.
Poole, Sow-Hsin Chen, "Observation of the Density Minimum in Deeply Supercooled Confined
Water", Proc. Natl. Acad. Sci., 104, 9570-9574, (2007), if you use this code.
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